INTRODUCTION
Colorectal cancer (CRC) is the third dominant cancer by incidence and mortality worldwide in both sexes. 1 Patients show distant metastases to the liver most frequently. The liver, lung, and peritoneum are common locations for metastasis. 2, 3 The estimated 5-year survival rate of metastatic CRC remains low. 4 Therefore, more knowledge of the molecular mechanisms inwww.irjournal.org carcinogenesis, TGF-β acts a tumor suppressor, but paradoxically, it serves as tumor promoter by inducing metastasis during late stages of carcinogenesis. 9, 10 Epithelial-mesenchymal transition (EMT) is a process by which cells lose their epithelial characteristics, including their cell polarity and epithelial markers, along with increased expression of mesenchymal markers and gain of migratory and invasive capacities. 11 In cancer cells, TGF-β leads to EMT and cancer stem cell-like traits. Cells that undergo EMT demonstrate a migratory ability that favors metastasis. The cells become spindle-shaped and suffer cytoskeletal changes that make cells more prone to disseminate and colonize other organs. 12, 13 EMT is driven by an interactive network of transcriptional factors including Snail1 and Snail2 (also known as Slug and Twist). In mammary epithelial cells, TGF-β-activa ted Smad proteins directly motivate the expression of Snail1 and Twist1 (Twist-related protein 1). 14 Parthenolide (PT), a sesquiterpene lactone extract, has been showed to have anti-inflammatory and anticancer properties and PT inhibits the function of nuclear factor κB (NF-κB) through targeting the IκB kinase complex. PT has been predominately investigated as an inducer of apoptosis in human cancer cells. 15 A number of studies have reported sesquiterpene lactones have an effect on cell migration/invasion and the EMT process in human cancer cells. 16 Antrocin showed inhibitory activity about the growth, migration, and invasion of human bladder cancer cells. One mechanism for motility inhibition is through inactivation of focal adhesion kinase-paxillin (FAKpaxillin) and extracellular signal-regulated kinases-c-Fos-matrix metalloproteinases (ERK-c-Fos-MMP2) pathways. 17 PT has been reported to repress migration and invasion in pancreatic cancer cells and also inhibit proliferation. 18 Codonolactone also inhibits TGF-β1-mediated EMT and motility of breast cancer cells by inhibiting TGF-β signaling and Runx2 phosphorylation. 16 We previously demonstrated that PT inhibits the migration and invasion of SW620 cells by wound healing, migration, and invasion test and also downregulated EMT regulated markers. 19 Therefore, we hypothesized that PT may attenuate TGF-β1-induced EMT progression in CRC cell lines.
METHODS

Chemicals and Reagents
PT was attained from Calbiochem (San Diego, CA, USA) and dissolved in dimethylsulfoxide (DMSO; Sigma, St. Louis, MO, USA) to obtain a concentration of 100 μM and then saved at -20°C in the dark. Growth factor-reduced Matrigel was purchased from BD Biosciences (San Diego, CA, USA). Recombinant human TGF-β1 protein was acquired from R&D Systems (Minneapolis, MN, USA) and was dissolved in Ultra-Pure Bovine Serum Albumin (GenDEPOT, Hanam, Korea) to obtain a concentration of 20 μg/mL and then stored at -20°C. Anti-Ecadherin, anti-β-catenin, and anti-Vimentin were from Cell Signaling Technology (Danvers, MA, USA). Anti-Slug and anti-Snail were from Abcam (Cambridge, UK). Anti-Actin was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Cell Culture, Treatments, and Observation of
Morphological Changes HT-29 and SW480 cells (American Type Culture Collection, Rockville, MD, USA) were representative human CRC cells cultured in RPMI-1640 medium (GIBCO-BRL; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO-BRL), 100 μg/mL penicillin (GIBCO-BRL), and 100 μg/mL streptomycin (GIBCO-BRL). HT-29 and SW480 cells belong to microsatellite instability (MSI) cell lines. Those 2 cell lines can be induced to EMT by TGF-β1 cause no mutant TGF-β receptor II (TGFBR2) exists in 2 cell lines. The cell passage number from 2 to 5 was used in the experiment. PT was diluted through FBS-free media to attain the indicated concentrations. The morphological alterations in the HT-29 and SW480 cells were observed using an inverted microscope. Images were captured using an inverted microscope (Olympus IX71, Melville, NY, USA).
Cell Viability Assay
HT-29 and SW480 cells were seeded at a density of 2 × 10 4 cells per well in 24-well plates and treated by TGF-β1 and PT for 48 hours. Thereafter, the media were discarded from each well and substituted with 200 μL of fresh media and 15 μL of 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 2.5 mg dissolved in 50 μL of DMSO). After 3 hours of incubation at 37°C, the culture medium containing MTT was discarded and 250 µL of DMSO was added. Plates were located on a plate shaker till the crystals were dissolved. Cell viability was detected by measuring the absorbance at 570 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Cell Cycle and Sub-G1 Analysis
Distribution of cells in different phases of the cell cycle including sub-G1 was determined by staining DNA with propidium iodide (Thermo Fisher, Eugene, OR, USA). Briefly, 1 × 10 6 cells www.irjournal.org were incubated with various concentrations of TGF-β1 and PT for 48 hours. Thereafter, cells were washed with cold 1 × phosphate-buffered saline (PBS) and fixed in 70% ethanol overnight. The cells were washed again with 1 × PBS, incubated with propidium iodide (10 μg/mL), and combinedly treated with RNase at 37°C for 1 hour. The percentages of cells in the distinct phases of the cell cycle were measured using a BD LSR flow cytometer and analyzed by the CellQuest software (Becton Dickinson, NY, USA). The experiments were repeated independently at least three times.
Wound Healing Assay
HT-29 and SW480 cells were grown-up to ~80% confluence in 6-well plates. A straight scratch was made slowly across the center of the well by a P200 pipette tip. Detached cells were washed away with PBS and added serum-free medium with various concentrations of TGF-β1 and PT. Cell migration to scratch was monitored at the indicated time periods in the same area. The capability of the cells to close the wound, and cell motility, were evaluated by determining the healed area. The images were taken at × 100 magnification (Olympus IX71). Wounded areas were measured twice time in the images by AxioVision SE64 Release 4.9.1 SP1. The measured times were 0 hours and 48 hours after treated by TGF-β1 and PT. The experiments were repeated three times.
Transwell Migration and Matrigel Invasion Assays
Migration was analyzed via a modified Transwell chamber assay using cell culture inserts with a polycarbonate filter (24-wells, 8-µm pore size with polycarbonate membrane; SPL Life Sciences, Pocheon, Korea). Cells were pretreated with TGF-β1 or PT for 48 hours. Invasion assays were completed via application a 24-well Transwell chamber (24-wells, 8-μm pore size with a polycarbonate membrane; SPL Life Sciences) with growth factor-reduced Matrigel. Briefly, after treatment 1 × 10 4 cells per well were planted into the upper chamber contained serum-free media. Especially in Matrigel invasion assays, the 100 μL Matrigel was coated on each well overnight before seeding the cells. The low chamber was occupied with 800 μL medium comprising 10% FBS as a chemoattractant and permitted to invade for 24 hours. Cells remaining above the insert membrane were removed by suction. Then, the cells on the lower border of the membrane were fixed in 3.8% formaldehyde for 20 minutes and stained with 0.1% crystal violet solution. The inserts were rinsed three times in × 1 PBS and air-dried. The numbers of invaded cells in 5 randomly selected fields were counted by an inverted microscope (Olympus IX71) at × 10 magnification and analyzed statistically. Five areas were counted per filter in each group. The number of invaded cells for each sample expressed the average of triplicate wells over 3 experiments.
Western Blotting
The protein concentration in cell lysates was determined by a Protein Quantification kit (Bio-Rad, Dallas-Fort Worth, TX, USA). Protein (50 μg) was loaded onto an SDS-polyacrylamide gel. The polyvinylidene difluoride (PVDF) membrane was probed with specific antibodies after transferring and blocking. The bindings of antibodies were identified by enhanced ECL prime (GE Healthcare, Piscataway, NJ, USA), captured and examined through the Las-3000 luminescent Image Analyzer (Fuji Film, Tokyo, Japan). The relative intensities of the protein bands were scanned and quantified by Image J. The marker protein bands were quantified adjusted with loading control (Actin).
Statistical Analysis
All data were collected into the Microsoft Excel 5.0 (Microsoft Corp., Redmond, WA, USA), and GraphPad Prism 5.0 (S GraphPad Software, San Diego, CA, USA) was used to perform the Student t-tests for the differences between 2 groups or the analysis of the variance, where appropriate. The data are expressed as the mean ± SD of at least 3 independent experiments. P-values of < 0.05 were evaluated statistically significant.
RESULTS
Effect of TGF-β1 on Cell Proliferation and Apoptosis in CRC Cell Lines
We treated the 2 CRC cell lines (HT-29 and SW480) with different concentrations of TGF-β1. There are no significant differences in growth rate were observed between untreated and treated SW480 cells. A statistically significant 10% reduction in cell viability was observed in HT-29 cells treated with TGF-β1 after 48 hours ( Fig. 1A) . Therefore, we treated the cells with 5 ng/mL TGF-β1 and different concentrations of PT. There was significant cell growth inhibition when cells were treated with both 5 ng/mL TGF-β1 and 15 μM PT in the 2 cell lines compared to cells treated by 5 ng/mL TGF-β1 ( Fig. 1B) . Cell growth was inhibited when the 2 cell lines were treated by both 5 ng/ mL TGF-β1 and 15 μM PT compared to cells treated with 5 ng/mL TGF-β1 ( Fig. 1A) . A previous study demonstrated that www.irjournal.org PT promotes apoptotic cell death and inhibits cell growth in SW620 cancer cells. 19 To determine whether TGF-β and PT induce cell apoptosis in cell lines, we used FACS to detect the fraction of cells in sub-G1. No differences in apoptosis were detected between untreated and TGF-β1-treated HT-29 and SW480 cells (Fig. 1C) . Additionally, as shown by flow cytometry, treatment by 5 ng/mL TGF-β1 and 5 μM PT for 48 hours had a minimal effect on cell cycle distribution and did not induce apoptosis in either of the 2 cell lines (Fig. 1D) . Thus, 5 ng/ mL TGF-β1 and 5 μM PT were used in subsequent experiments.
PT Attenuates the TGF-β1-Induced Elongation into
Fibroblast-Like Shape in CRC Cell Lines Trans-differentiation of CRC cells from an epithelial to a fibroblast-like morphology was induced by treatment by TGF-β1 for 48 hours. After 48 hours, treated cells showed a significant change towards a more lengthened fibroblastic-like shape compared to untreated cells. PT could reverse morphological changes in both cells (Fig. 2) , demonstrating that PT can reverse TGF-β1-induced morphological changes in CRC cells such that they became elongated with a fibroblast-like shape.
PT Inhibits TGF-β1-Induced Cell Migration and
Invasion in CRC Cell Lines It has been established that down-regulation of E-cadherin and loss of intercellular adhesion is related to improved motility and invasive ability. 20 To verify that PT inhibits TGF-β1-induced EMT, cell migration and invasion were evaluated in wound healing, using migration and invasion assays with a Matrigel-coated Transwell chamber. In the wound healing assays, wounded areas were reduced after 48 hours with control and 5 ng/mL TGF-β1, and 5 ng/mL TGF-β1+5 μM PT condiwww.irjournal.org tions. Among the 3 conditions, 5 ng/mL TGF-β1 statistically reduced the wounded area more than control or 5 ng/mL TGF-β1+5 μM PT in both cell lines (Fig. 3A) . In migration and invasion assays, TGF-β1 statistically increased the number of migrated cells and PT reversed this situation (Fig. 3B) . These results mean PT inhibits TGF-β1-mediated cell migration and invasion.
PT Suppresses TGF-β1-Induced EMT Pathway
To determine whether TGF-β1 induces a mesenchymal phenotype transition associated with EMT in colon cancer cells, we chose SW480 and HT-29 cell lines. It was observed that a decrease in E-cadherin (epithelial marker) and induction of β-catenin and Vimentin (mesenchymal marker) in TGF-β1treated SW480 and HT-29 cell lines (Fig. 4) . PT reversed the reduction in E-cadherin and increase of Vimentin in TGF-β1treated SW480 and HT-29 cell lines. Suppression of E-cadherin in epithelial cells can be mediated by numerous transcription factors, including Snail and Slug. 21 The expression of Snail and Slug was dramatically enhanced by TGF-β1 in SW480 and HT-29 cell lines when compared to untreated controls. PT reversed the TGF-β1-induced expression of Snail and Slug in SW480 and HT-29 cell lines. These results indicate that PT inhibits EMT progression through the upregulation of epithelial markers and the downregulation of mesenchymal markers.
DISCUSSION
The findings from this study suggest that PT inhibits TGF-β1induced EMT progression in CRC cell lines. TGF-β1 is a multifunctional growth factor that regulates various cell behaviors, such as cell proliferation and apoptosis. TGF-β demonstrates contextual pleiotropy in function; in normal and premalignant cells, TGF-β maintains the homeostasis and has tumor-suppressive effects (cytostatic, differentiation, and apoptosis). In late stage cancer progression, once a mutation occurs that causes cancer cells to lose TGF-β tumor-suppressive responses, TGF-β can promote tumorigenesis. 22 There is an established signaling pathway in which Smad4 protein forms heteromeric complexes with the receptor-phosphorylated Smad2 and Smad3 and then translocates from the cytoplasm to the nucleus. 22 Loss of Smad4, a tumor suppressor gene, may led to loss of transcription of genes critical to cell-cycle control. 23 Pathological forms of TGF-β signaling that are created by the tumor stroma or cancer cells themselves can lead to EMT, and ultimately cause invasiveness and dissemination. 24 It is well documented that TGF-β inhibits the cell cycle in phase G1 through mobilization of cyclin-dependent kinase inhibitors and inhibition of c-Myc dependent Smad3/4 complexes in epithelial cells. Abrogation of Smad4 translation may switch the pathway and cause loss of cell-cycle inhibition.
Null Smad4 cancer cells may escape from TGF-β-induced growth control and apoptosis. Two colon cancer cell lines, SW480 and HT-29, have loss of Smad4 expression, 23 resulting in abolition of TGF-β tumor suppression and cell cycle arrest without inhibiting EMT activation by the Ras/Erk pathway. 25 We have observed that TGF-β1 does not induced apoptosis in HT-29 and SW480 cells. TGF-β1 can inhibit cell proliferation in HT-29 cells after 48 hours, but TGF-β1 did not inhibit cell proliferation in SW480 cells. At this point, it is not clear whether both of the null-Smad4 cell lines, HT-29 and SW480, showed a different rate of growth after treatment by TGF-β1. HT-29 cell and SW480 cell lines both belong to MSI-cell lines that loss at Smad4 but HT-29 loss at Smad4 in 2/3 markers and SW480 shows completely loss of Smad4. SW480 cell line has KRAS mutation, BRAF wild type, and PIK3CA wild type, while HT-29 cell line has KRAS wild type, BRAF mutation, PIK3CA mutation. Those kinds of different mutations maybe leads HT-29 and SW480 showed a different rate of growth after treatment with TGF-β1. In the previous study, we observed that PT inhibited the rate of growth in SW620 cells and PT promoted apoptosis in SW620 cells. 19 Similar to the previous study, we also have observed that 15 μM PT combined with 5 ng/mL TGF-β1 can inhibit the growth rate of cancer cells. It is widely believed that TGF-β signaling evolved to enforce homeostasis and suppression of tumor progression in normal and premalignant cells can result in the tumorigenic effects in late stage cancer. One of the major genetic alterations associated with colorectal tumorigenesis is mutation of Smad4 or TGFBR2 that emerges during the adenoma to carcinoma transition. 26 Less Smad4 protein is involved with poor prognosis in CRC and a high occurrence of Smad4 gene mutation is involv ed in CRC distant metastasis. 27, 28 Missing of Smad4 in CRC cells leads to a switch in the role of TGF-β from tumor suppressor to a tumor promoter. 29 In a previous study, TGF-β1 induced Smad2/3 transfer into the nucleus from the cytoplasm in HT-29 and SW480 cells. 30 Snail2 (Slug) is a transcription factor that induces EMT and is characterized by an increase in cell spreading and cell-cell separation. Induction of Slug is Smad4-independent and might be a Smad3-dependent process. The complexes Smad2/3 without Smad4 means loss of growth arrest but some target genes induced by EMT still exist, such as c-JUN and Slug, which both induce EMT. Smad4 inactivation selectively takes out only the tumor suppressive gene, allowing TGF-β activate pro-oncogenic genes. 25 TGF-β induced Smad-independent pathway, MEK/ERK is vital to EMT and plays a role during colorectal tumor invasion and metastasis. 25, 30 Along the process of EMT, these factors are important like EMT effectors and EMT core regulators-transcription factors. EMT effectors are subcellular structure proteins like E-cadherin and Vimentin. Snail and Slug are regulators-transcription factors and over expression of them is involved with invasiveness, metastasis, and poor prognosis of CRC. Upregulation of Snail is a primary way of promoting EMT primarily through inhibition of E-cadherin. 31 Loss of E-cadherin promotes to release of β-catenin and accelerates EMT. Without TGF-β1, both contact β-catenin and E-cadherin are immediately degraded after contact disassembly. In contrast, TGF-β1 induces β-catenin separation from the epithelial contacts and stabilizes β-catenin in the cytoplasm, transferring it to the nucleus. 32 Snail and Slug and β-catenin, Vimentin are epithelial markers. E-cadherin is a typical marker for mesenchymal. Consistent with previous study, PT suppresses hypoxia-induced EMT in HT-29 cells through reverse epithelial and mesenchymal makers. 33 The figures of morphology were acquired by phase contrast microscopy. When β-catenin transfer into the nucleus and loss of E-cadherin expression happened, cell exposure to TGF-β1 changed the cells from invasive phenotype as mesenchymal shape. 34 PT reversed the elongated, fibroblast-like shape cells back to the epithelial shape.
No previous studies have investigated the ability of PT to inhibit TGF-β1-induced EMT in CRC cells. From the study of cell function and expression of protein level, we observed that PT suppressed the TGF-β1-induced EMT in CRC cells, but we still need to determine the mechanism by which PT inhibits the pathway. NF-κB is vital for EMT and metastasis in breast cancer cells. 35 Repression of NF-κB activity can reverse EMT in mesenchymal cells. 35 However, no activation of NF-κB is observed in null-Smad4 SW480 cells induced by TGF-β1. 36 It well demonstrated that inhibition of TGF-β receptors and ERK pathway can suppress TGF-β1-induced EMT in human cancer cells. 37, 38 In conclusion, TGF-β1 does not induce apoptosis in HT-29 and SW480 cell lines but can decrease HT-29 cell viability. TGF-β1 can induce EMT in HT-29 and SW480 cell lines. On the other hand, PT can reverse the TGF-β1-induced EMT in HT-29 and SW480 cell lines through inhibition of mesenchymal maker proteins, which also reduces cell migration and invasion. These findings suggest a novel approach for CRC treatment by inhibition of TGF-β1-induced EMT. Further studies will focus on metastatic animal models to determine how PT inhibits metastasis of CRC.
